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Results
Abstract

Conclusion

An atom in a strong laser pulse generates a series of oddorder harmonics that can extend from the infrared to the XUV regime
of the electromagnetic spectrum. When a second, weaker, field is
applied to the system, it perturbs the generation process to create
sidebands of the harmonics. These sidebands, which appear on
either side of the odd harmonics, contain valuable information of the
perturbing field. We propose to exploit these sidebands for timedependent spectroscopic measurements of biomolecules, converting
far-infrared spectroscopic signatures to the visible for improved
sensitivity. Using numerical simulations, we provide insights on how
to optimize the sideband signal for future laboratory experiments.

While calculating the effects of the perturbing field intensity
relative to that of the driving field, our results were consistent with
those of Hammond et al. [2], which further validated the accuracy of
our algorithm.
In addition, we were able to establish clear trends in both the
odd harmonic and sideband intensities with different perturbing pulse
durations. Namely, the sidebands become stronger with longer
pulses, while the odd harmonics decrease. This is likely due to
electron being increasingly perturbed the longer the perturbing pulse.
Referring to Fig. 1, this would mean that the blue trajectory would be
more pronounced, but the symmetric red trajectory would be less
probable, causing the sidebands to increase and the odd harmonics
to deteriorate.
Another interesting result that is supported by recent literature
[2,4], is Fig. 5 which shows that the harmonics and sidebands are
strongest for ionization potentials between 14 and 16 eV. This result
is perhaps not surprising considering that most experiments of this
nature are done using argon, which has an ionization potential of
13.99 eV.
With respect to phase differences between the two beams, we
were able to reproduce results by Vampa et al. [4] when the
perturbing field is the second harmonic of the driving field.
Furthermore, we obtained preliminary results that suggest there may
be value in investigating the effect of this phase modulation at
different wavelengths other than the second harmonic.
Ultimately, we have successfully modelled the process of
creating high-harmonic sidebands, and we have shown that it is
possible to optimize the intensity of these sidebands according to
parameters that are readily variable experimentally. These numerical
simulations will motivate our future experimental work.
Next steps include doing similar simulations involving solid
systems instead of single atoms, so that we might observe these
effects experimentally in solids.

Fig. 2: This figure shows a portion of a high-harmonic spectrum, up
to the cutoff order which is approximately the 25th harmonic. The
sidebands appear at frequencies of Ω = 𝑛800 𝑛𝑚 𝜔800 𝑛𝑚 ± 𝜔1600 𝑛𝑚
when the driving field and perturbing fields have wavelengths of 800
nm and 1600 nm.

Introduction/Theory

Fig. 3: The strong 800 nm pulse has a peak intensity of 𝐼𝑠𝑡𝑟𝑜𝑛𝑔 = 1 ×
1018 𝑊/𝑚2. The1600 nm perturbing pulse is varied from 𝐼𝑝𝑒𝑟𝑡 = 1 ×
1014 to 2.5 × 1015 𝑊/𝑚2 . The sideband intensities are calculated and
normalized by the sum of the 19th, 21st, and 23rd harmonics, which
decrease in intensity as we increase the intensity of the perturbing field.

In general, a three-step process is used to describe HHG [1].
First, an electron tunnels out of its atomic potential as an
intense (1018 − 1020 𝑊/𝑚2 ), linearly polarized laser driving field is
applied. This laser field must of course have an intensity above the
ionization threshold of the atom. Second, the electron is accelerated
into the continuum by the driving field. Third, under certain conditions
the electron can return to the ion and recombine with it, resulting in
the emission of a high energy photon. This process is repeated
periodically, resulting in a comb function in the temporal domain,
where photon emission events are equally separated by π/ω [4].
The original Corkum model [1], which is supported by
experimental data, defines the cutoff order:
𝑞𝑚𝑎𝑥 ℏ𝜔 = 3.17𝑈𝑝 + 𝐼𝑝  (Eq. 1)

where Up is the ponderomotive (or kinetic) energy of the electron
given by the applied field strength E and laser frequency ω as
𝑈𝑝 =

𝐸2
4𝜔2

(Eq. 2)

By applying a second field, referred to as the perturbing field,
the trajectory of the classical electron is altered, causing the emitted
photons to be of slightly different frequencies. This slight frequency
difference leads to sidebands in the harmonic spectrum. The location
of the sidebands in the spectrum is determined by the photon energy
of the perturbing field, as shown in Fig. 2.

Fig. 4: As the perturbing pulse duration increases, the intensity of
the even harmonics decreases, but the intensity of the sidebands
increases. Both trends may be intuitively explained in terms of
increased perturbation of the classical electron trajectory as a result of
a longer pulse duration of the perturbing field. It is helpful to refer to
Fig. 1 for a visual representation of this effect.

Fig 5: For a strong field of wavelength 800 nm and a perturbing field of
wavelength 9242 nm (both having a pulse duration of 50 fs), the intensity
of high harmonics and sidebands seems to be strongest with an ionization
potential of 14-16 eV. With argon and krypton having ionization energies
of 15.75 and 13.99 eV, respectively [5], this calculation provides useful
insights into what noble gases might maximize the desired signal. The
perturbing wavelength was chosen to model phosphate absorption, a
subject of future research.
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Fig. 1: This figure from Vampa et al. [4] illustrates the classical
electron trajectory. The red line shows the trajectory with only a
strong driving field. The blue line shows what happens when a
perturbing field is added.
Regarding spectroscopic signatures of biomolecules, it is the
decay of these sidebands that indicates the so-called optical freeinduction decay of a molecule. This optical free-induction decay
provides information on molecular absorption of radiation, which is
inherently a spectroscopic measurement.

Fig 6: It has been shown that when the perturbing field is the
second harmonic of the driving field, it modulates the phase
of the harmonic spectrum [4]. However, we found that there
is also a phase dependence in the sidebands when the
driving field is the second or third harmonic of the perturbing
field. For this plot, the wavelengths of the driving and
perturbing fields were 800 nm and 2400 nm, respectively.
This effect requires further investigation.
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